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DOI: 10.1039/c3fd20146eBimetallic nanocrystals bound by high-index facets are promising catalysts, as
they have both electronic effects from alloying and surface structure effects from
high-index facets. Herein, we mainly focused on electrochemical preparation of
two new Pt–Rh nanocrystals with high-index facets: {830}-bound
tetrahexahedron and {311}-bound trapezohedron, and their excellent
electrocatalytic properties for ethanol oxidation, especially the ability to break
C–C bonds. Combining previous results about surface-modified tetrahexahedral
Pt nanocrystals, we discuss the correlation of alloy and surface effects of the
bimetallic system.1. Introduction
Pt-group metals are important catalyst materials in industry; Pt–Rh for petroleum
reforming in the petrochemical industry, Pt–Pd–Rh for three-way convertors in the
automobile industry, and Pt for oxygen reduction reaction (ORR) and direct
oxidation of fuel molecules in fuel cells.1 Due to their limited reserves and high
price, and the increasing demand in industry, it becomes more and more a key
issue to explore and design new types of catalysts with enhanced activity and
stability.
The catalytic performance of nanocrystals (NCs) can be tuned either by their
composition, which mediates electronic structure,2,3 or by their shape, which deter-
mines the surface atomic arrangement and coordination.4–7 As for shapes, nano-
crystals bound by high-index facets are very promising, as they contain a high
density of low-coordinated step atoms with high reactivity.8,9 In 2007, we devel-
oped an electrochemical square-wave potential method, by which high surface
energy of high-index facets was overcome through oxygen adsorption/desorption
on Pt, and successfully synthesized tetrahexahedral Pt nanocrystals (THH Pt
NCs) with {730} high-index facets.10 In addition, high-index facets have more
kinks and edges, which can promote the breaking of C–C bonds, and increase elec-
trochemical conversion efficiency of fuel.11,12 Inspired by these studies, the past few
years have witnessed a wide variety of noble metal nanocrystals enclosed by high-
index facets.13–18
Compared with monometallic nanocrystals, bimetallic ones are advantageous for
a range of fundamental studies and applications, because the variations in composi-
tions and spatial distributions provide additional handles for experimentally manip-
ulating both the structures and properties.19,20 For example, Wu et al. synthesized
different Pt–M alloy (M ¼ Co, Fe, Ni, Pd) nanocrystals with cubic and octahedral
morphologies,21 and found that octahedral Pt-alloy nanocrystals exhibit better ORRState Key Laboratory of Physical Chemistry of Solid Surfaces, Department of Chemistry,
College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China.
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View Article Onlineelectrocatalytic activity than cubic ones. These alloys are bound by low-index facets
of {100} and {111}, when aiming for high-index faceted nanocrystals, the synthesis
becomes challenging.
Xie et al. firstly reported the synthesis of concave hexoctahedral Au–Pd alloy
nanocrystals enclosed by {431} high-index facets through chemical reduction.22
Very recently, we also prepared THH Pd-based (e.g., Pd–Pt ) alloy nanocrystals
bound by {10 3 0} high-index facets, whose catalytic activity is 22 times higher
than that of commercial Pd black for formic acid oxidation at 0 V.23 As for elec-
trocatalysis, Pt-based alloys are more useful than Pd-based alloys, because a
greater range of electrochemical reactions can be catalyzed by Pt alloy catalysts.1
Studies confirmed that the addition of Rh to Pt can significantly enhance
the cleavage of the C–C bond in the oxidation of ethanol, and such
enhancement is attributed to the change of electronic properties caused by the
addition of Rh.24–26
In this paper, we present the electrochemical synthesis of alloy Pt–Rh nanocrystals
with high-index facets at high yields, and manipulate their shapes from tetrahexahe-
dron to trapezohedron by changing the electrode potential. Correspondingly, the
surfaces changed from {hk0} to {hkk} high-index facets. The as-prepared Pt–Rh
alloy nanocrystals exhibit excellent performance towards ethanol electrooxidation,
for breaking the C–C bond to form CO2, due to the synergistic effect of alloy and
high-index facets. We then combined some previous studies about surface modifica-
tion of THH Pt NCs with foreign atoms, and discussed several effects involved in
bimetallic nanocrystals with high-index facets, including bifunctional effect, third-
body effect, ligand effect, strain effect, as well as surface structure (atomic arrange-
ment) effect.2. Electrochemical preparation of high-index faceted nanocrystals
Electrochemical preparation of tetrahexahedral and trapezohedral Pt–Rh alloy
NCs: Alloy NCs were prepared in a standard three-electrode cell working with a
263A potentiostat (EG&G) controlled by a homemade software which generated
a modified square-wave waveform as required. Saturated calomel electrode
(SCE) was chosen as the reference electrode, and all potentials mentioned in the
paper were quoted versus the SCE scale. The working electrode was a glassy
carbon (GC, f ¼ 6 mm, purchased from Takai Carbon Co., Ltd., Tokyo, Japan.)
rod embedded into a Teflon holder. Before use, the GC electrode was mechanically
polished using successively alumina powder of size 5, 1, and 0.3 mm. Typically, tet-
rahexahedral Pt–Rh (Pt–Rh THH) alloy NCs were directly electrodeposited onto
the GC electrode in 400 mM K2PtCl6 + 20 mM RhCl3 + 0.1 M H2SO4 solution by
programmed potential stepping. In detail, the GC electrode was firstly subjected to
a potential step from 1.20 to 0.30 V, and maintained for 140 ms to generate
crystal nuclei. Then, square-wave potentials (f ¼ 100 Hz) with lower (EL) and
upper (EU) potential limits of 0.05 and 1.10 V were applied on the crystal nuclei
for 20 min to grow large alloy THH NCs. The conditions of the preparation of
trapezohedral Pt–Rh (Pt–Rh TPH) alloy NCs were the same as those of Pt–Rh
THH NCs except that the EL was 0.08 V.
For comparison, we also prepared pure Pt nanocrystals with THH and TPH
shapes.27 In this case, more concentrated Pt precursor solution (2 mM K2PtCl6 +
0.1 M H2SO4) was used. NCs were also directly electrodeposited onto the GC elec-
trode by programmed potential stepping, similar to that used for the Pt–Rh alloy.
The EL and EU potential limits were 0.05 and 1.10 V for Pt THH, and 0.07 and
1.10 V for Pt TPH, respectively, and the growth time was 20 min.
The morphology and structure of Pt–Rh NCs were characterized by scanning elec-
tron microscopy (SEM, Hitachi S-4800) and transmission electron microscopy












































View Article Online3. Physical characterizations of alloy Pt–Rh nanocrystals with high-
index facets
3.1 SEM characterizations
Fig. 1 and Fig. 2 show SEM images of THH and TPH Pt–Rh alloy NCs. The
proportion of NCs with THH or TPH shape is over 90%. The average size of
THH and TPH are about 61 and 66 nm, respectively. The shapes of THH and
TPH can be finely discerned in the high magnification SEM images. The insets
show corresponding geometric models of the shapes. THH and TPH are enclosed
by 24 {hk0} and {hkk} high-index facets, respectively.5 The THH shape can be
seen as a cube with each face capped by a square pyramid. The difference of TPH
from THH is that the straight line of cubic edge in THH is replaced by a fold line.5
Fig. 1c and Fig. 2c show the energy dispersive X-ray spectroscopy (EDS) of the
THH and TPH Pt–Rh NCs, respectively. Both the samples contain minor amounts
of Rh, i.e., about 4%, close to the Rh content in the plating solution. High-index
faceted Pt–Rh NCs with a higher percentage of Rh are rarely obtained, and the ob-
tained NCs in the plating solution containing a higher ratio of Rh tend to show
irregular surfaces. This may be due to the much higher surface energy of Rh than
Pt,28 and the relatively high lattice mismatch of Pt and Rh (3%). That is, the forma-
tion of high-index facets on Rh NCs is more challenging, and cannot be realized
under current conditions.
3.2 TEM characterizations
The crystal Miller indices of THH can be determined by measuring the plane angles.
Fig. 3a and 3b are the TEM image and corresponding SAED pattern of a THH Pt–
Rh NC along the [001] orientation. Along this orientation, eight side {hk0} facets
parallel to the [001] axis form an octagonal projection, as can be seen in the model
of the same direction (shown in the inset). After carefully measuring the plane angles
(i.e., a and b), the Miller indices of the crystal are determined. For THH Pt–Rh NCs,
the average values of angle a and b are 130.7 and 139.1, respectively, which are
very near to the theoretical values of 131.1 and 138.9 for {830} facets. This result
indicates that the nanocrystals are mainly comprised of {830} facets. Fig. 3c shows
the model of atomic arrangement of {830} facets, periodically composed of one
{210} subfacet followed by two {310} subfacets. The density of step atoms on the
{830} facets is as high as 4.56  1014 cm2, that is, 37.5% of the total number of
atoms on the surface. Fig. 3d shows the STEM image and corresponding EDS
elemental mapping of Pt and Rh in a THH Pt–Rh NC. The distribution of Pt and
Rh is uniform, and the profiles are almost same, indicating the formation of an alloy.Fig. 1 Low (a) and high (b) magnification SEM images of tetrahexahedral (THH) Pt–RhNCs.
The inset in (a) shows size histogram, and the inset in (b) shows a model of a tetrahexahedron.
(c) EDS of the THH Pt–Rh NCs.
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 77–89 | 79
Fig. 2 Low (a) and high (b) magnification SEM images of trapezohedral (TPH) Pt–Rh NCs.
The inset in (a) shows size histogram, and the inset in (b) shows a model of a trapezohedron. (c)
EDS of the TPH Pt–Rh NCs.
Fig. 3 TEM image (a) and SAED pattern (b) of a THH Pt–Rh NC recorded along the [001]
crystal zone. The inset is a [001]-projected THH model. Miller indices were determined by
measuring plane angles of a and b. (c) Atomic model of the {830} facet. (d) STEM image
and EDS elemental mapping of Pt and Rh in a THH Pt–Rh NC, showing uniform distribution












































View Article OnlineAs for TEM characterization of TPH shape, the optimal crystal orientation is the
[110] axis. Along the [001] axis, both TPH and THH shapes show a similar octagonal
projection, and it is hard to distinguish them;5 when along the [110] axis, TPH still
exhibits an octagonal projection, while THH shows a hexagonal projection.5,27
Fig. 4a and Fig. 4b show the TEM image and corresponding SAED pattern of a
TPH Pt–Rh NC along the [110] orientation. The inset shows a [110]-projected
TPH model, whose octagonal projection is similar to that in the TEM image. The
average angles of a, b, and g are 152.5, 127.7, and 132.7, respectively. Note
that along the [110] axis, the angles of a and b contain at least one projected
edge, and only g is formed through the projection of two adjacent {hkk} facets.
The Miller indices of {311} can be easily identified through the measured value of
g (theoretical value of g is 129.5). Fig. 4c shows the model of atomic arrangement
of {311} facets, which are composed of a terrace of two atomic widths of (111)
symmetry, separated by a monatomic step of (100) symmetry. The density of stepped
atoms with a coordination number of 7 on the (311) facets is as high as 7.83  101480 | Faraday Discuss., 2013, 162, 77–89 This journal is ª The Royal Society of Chemistry 2013
Fig. 4 TEM image (a) and SAED pattern (b) of a TPH Pt–Rh NC recorded along the [110]
crystal zone. The inset is a [110]-projected TPH model. Miller indices were determined by
measuring plane angles of g. (c) Atomic model of the {311} facet. (d) STEM image and
EDS elemental mapping of Pt and Rh in a TPH Pt–Rh NC, showing uniform distribution












































View Article Onlinecm2, that is, 50% of the total number of atoms on the surface. The profiles of EDS
elemental mapping of Pt and Rh in a TPH Pt–Rh NC (Fig. 4d), determined by
STEM, are also uniform and show similar shapes, demonstrating the formation of
a Pt–Rh alloy.
The formation of high-index facets on THH and TPH Pt–Rh NCs may also be the
same as the growth mechanism of THH Pt NCs that we reported previously,10 as the
Rh content is rather low (about 4%) in the alloys. The repetitive oxygen adsorption/
desorption induced by a square-wave potential only allows open-structure surfaces
with low coordinated atoms to survive. We found that potential plays a vital role in
tuning the shape/facets of the Pt–Rh alloy, as THH and TPH can be synthesized by
just altering the lower potential of the square wave (0.05 V for THH and 0.08 V for
TPH NCs). More intensive surface reconstruction from oxygen adsorption/desorp-
tion is introduced at higher EL, as crystal growth rate decreases. The coordination
numbers of stepped atoms on {hk0} and {hkk} facets are 6 and 7, respectively. Oxygen
adsorption starts at lower potential on the {hk0} facets than on the {hkk} facets.
Therefore, the formation of THH and TPH Pt–Rh NCs can be correlated with the
intensity of surface reconstruction by oxygen adsorption/desorption, i.e., more inten-
sive oxygen adsorption/desorption will favor the formation of {hkk} facets with low
oxygen affinity. This result is different from our previous results of Pd nanorods.29
In the following section, we will discuss electrocatalytic performance of the
synthesized Pt–Rh alloys. To reveal the role of the alloy more clearly, we also synthe-
sized pure Pt NCs with THH and TPH shapes (see Fig. 5) as comparison catalysts.Fig. 5 SEM images of THH (a) and TPH (b) Pt nanocrystals. The insets show high-magnifi-
cation SEM images (scale bar: 100 nm) to help identify shapes.












































View Article Online4. Electrocatalytic properties for ethanol oxidation
4.1 Voltammetric and chronoamperometric tests
The alloy THH and TPH Pt–Rh NCs are expected to have high catalytic activity,
especially boosted ability of C–C breaking to produce more CO2 for ethanol electro-
oxidation.11,25 Therefore, ethanol electrooxidation was selected as the testing reac-
tion. The electrocatalytic activity was tested in 0.1 M ethanol + 0.1 M HClO4
solution at room temperature.
Fig. 6 shows the steady-state cyclic voltammograms (CVs) of ethanol electrooxi-
dation on Pt–Rh THH, Pt–Rh TPH, Pt THH, Pt TPH and commercial Pt/C (3 nm,
JohnsonMatthey Inc.) catalysts. The oxidation currents were normalized to the elec-
trochemical surface area (ECSA) to investigate the intrinsic catalytic activity of
different catalysts. The ECSA is calculated from the electric charge of hydrogen
adsorption/desorption on Pt and Rh measured in 0.1 M H2SO4. As can be seen
from Fig. 6, Pt–Rh alloys have higher catalytic activity than monometallic Pt cata-
lysts, and Pt–Rh TPH shows the highest activity among all the catalysts. Based on
the peak current density, the activity increases in the following order: Pt–Rh TPH
(4.19 mA cm2) > Pt–Rh THH (3.27 mA cm2) > Pt TPH (2.90 mA cm2) > Pt
THH (2.70 mA cm2) > Pt/C (0.66 mA cm2). The activity of Pt–Rh TPH is about
6.3 times that of the commercial Pt/C catalyst. In addition, there is a slight negative
shift of peak potentials for alloy catalysts compared with monometallic Pt catalysts.
The peak potentials of Pt–Rh TPH and THH are 0.535 V, lower than those of Pt
THH and Pt TPH (both at 0.548 V) and commercial Pt/C (0.556 V). It should be
pointed out that the commercial Pt/C has much smaller particle sizes (3 nm) and
so higher area, and in turn has a higher overall rate. That is, for catalytic activity
per unit weight of Pt or Pt–Rh, the overall activity of these larger TPH and THH
Pt–Rh NCs is less than that of the 3-nm commercial Pt nanoparticles (25% as
active). Future research will be needed to decrease the particle size. The catalysts
are very stable during the electrochemical tests. Taking THH Pt–Rh NCs as an
example, after 100 potential cycles, only 5% loss of peak current density of ethanol
electrooxidation was observed.
The above activity order can be attributed to both the electronic effects of the
alloy and the surface structure effects of high-index facets. As for electronic effects,
it has been reported that the addition of Rh to Pt will facilitate the electrocatalytic
activity towards ethanol oxidation,25,30,31 which may be ascribed to Rh electronic
interaction (electron-withdrawing) with Pt, as well as lattice contraction effect
(lattice constant: aPt ¼ 0.392 nm; aRh ¼ 0.380 nm).25 The two electronic effects
will result in the down-shift of d-band center, i.e., weakening adsorption strengthFig. 6 Cyclic voltammograms of ethanol oxidation on Pt–Rh THH, Pt–Rh TPH, Pt THH, Pt
TPH and commercial Pt/C catalysts at 50 mV s1 in 0.1 M ethanol + 0.1 M HClO4.












































View Article Onlineof adsorbates (e.g., poisoning intermediates). As for the surface structure effect,
{hkk} facets of Pt have high activity for ethanol oxidation.18,32 For example, Huang
et al. reported that octapod-shape Pt nanocrystals with {411} facets exhibit
enhanced (2.3–5.6 times) electrocatalytic activity over commercial Pt catalysts
towards ethanol oxidation.18 In this study, the {311} facets on TPH Pt–Rh NCs
have a higher density of step atoms than {830} facets on THH Pt–Rh NCs. There-
fore, it is reasonable that {311}-bound TPH Pt–Rh NCs show the highest catalytic
activity. Combination of electronic and surface structure effects leads to the above
reasonable activity order: high-index faceted alloy Pt–Rh NCs > high-index faceted
Pt NCs > Pt/C, and the highest activity was observed on TPH Pt–Rh NCs.
4.2 In situ FTIR study of ethanol electrooxidation
To evaluate the ability of breaking C–C bonds, we carried out electrochemical in situ
FTIR spectroscopic studies of ethanol oxidation on the above catalysts. In situ FTIR
experiments were conducted on a Nexus-870 FTIR spectrometer (Nicolet) with a
liquid-N2-cooled MCT-A detector. The experimental details were described previ-
ously.33 A thin-layer IR cell with a CaF2 disk window was employed. In this config-
uration, an un-polarized IR radiation was sequentially passed through a CaF2 disc
window and a thin-layer (10 mm) solution, and then it was reflected by the elec-
trode surface. So, both dissolved substances in the thin-layer solution and adsorbed
species on the electrode surface can be detected under this external reflection mode.
Fig. 7a shows in situ FTIR spectra of ethanol oxidation at 0.50 V on Pt–Rh THH
NCs, Pt–Rh TPH NCs, Pt THH, Pt TPH and commercial Pt/C catalysts. The band
at 2343 cm1 is attributed to CO2, the final oxidation product through the cleavage
of the C–C bond in ethanol. The band at about 2040 cm1 is attributed to linearly-
bonded CO (COL), a poisoning species formed during the oxidation of ethanol. The
bands at 1715 and 1280 cm1 are the stretching vibrations of C]O and C–O bonds
in acetic acid (HAc). Usually, the latter is employed for quantitative analysis of ace-
tic acid,34 as the band at 1715 cm1 is distorted by water absorption, and is contrib-
uted possibly by acetaldehyde (another product of ethanol electrooxidation). The
ability to break C–C bonds is evaluated by the ratio of band intensities of CO2 to
that of acetic acid (ICO2/IHAc), namely the bands at 2343 cm
1 and 1280 cm1.
Fig. 7b shows the variation of ICO2/IHAc for ethanol oxidation on different cata-
lysts at 0.50 V. The ICO2/IHAc declines in the same order as the catalytic activity, and
Pt–Rh TPHNCs show the highest value, about 1.8 times that of the Pt/C. This result
clearly indicates that high-index facets have greater ability to break the C–C bond,
and the addition of Rh to Pt can further enhance this ability. As for fuel (ethanol)
utilization, complete oxidation to CO2 can provide 12 electrons per ethanol mole-
cule, whereas only four electrons for incomplete oxidation to acetic acid. Clearly,
the high selectivity to CO2 on Pt–Rh TPH NCs will increase the efficiency of direct
ethanol fuel cells. These results are consistent with previous studies: Pt/Rh alloy have
higher CO2 yields than pure Pt towards ethanol oxidation,
25,26 and Pt(hkk) single
planes also have higher CO2 yields than Pt(111).
35 The enhanced effect of Pt–Rh al-
loying was attributed to Rh promoting the dehydrogenation from ethanol, which
facilitates the formation of adsorbed fragments with only one carbon and conse-
quently the oxidation to CO2.
36 Alternatively, Houtman and Barteau suggested
that ethanol adsorbed on rhodium forms a cyclic adsorbate, which leads to a very
stressed C–C bond based on UHV experiments.37
5. Discussions
5.1 Surface modification of high-index faceted Pt nanocrystals
Besides forming alloys, surface modification of the monolayer/sub-monolayer of
foreign atoms on given nanocrystals with high-index facets is also a strategy to
obtain bimetallic nanocrystals with high-index facets.This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 77–89 | 83
Fig. 7 (a) In situ FTIR spectra of ethanol oxidation on Pt–Rh TPH, Pt–Rh THH, Pt TPH, Pt
THH and commercial Pt/C catalysts in 0.1M ethanol + 0.1MHClO4. ES¼ 0.50 V, ER ¼0.20
V. (b) Comparison of the ratio of band intensity of CO2 to that of acetic acid on Pt–Rh TPH,












































View Article OnlinePreviously, we used two pathways to modify THH Pt NCs through electrochem-
ical methods, as shown in Fig. 8. One approach is direct electrochemical deposition
of the target atoms on the surface of THH Pt NCs, usually done by repetitively
potential cycling or holding the potential at a constant value in the solution contain-
ing very dilute target metal ions (105 M). The coverage of foreign metal (q), can be
changed by simply changing the parameters like cycling number, metal ion concen-
tration, and deposition time. The other approach is through under potential depo-
sition (UPD) of copper followed by galvanic displacement, a well-known strategy
developed by Adzic’s group,38,39 by which monolayer or sub-monolayer foreign
atoms on the host metal surface can be easily obtained.
We have modified the {730}-faceted THH Pt NCs with Bi and Ru atoms through
the electrodeposition approach,40,41 and modified with Au through the Cu-UPD
strategy.42 By modifying the THH Pt NCs with Ru, the catalytic activity towards
methanol oxidation is greatly improved at relatively low potential (0.2–0.5 V)
compared with bare THH Pt NCs (Fig. 9a). The corresponding in situ FTIR studies84 | Faraday Discuss., 2013, 162, 77–89 This journal is ª The Royal Society of Chemistry 2013













































View Article Onlineand CO stripping (Fig. 9b) experiments confirm that the improved catalytic activity
at low potential is mainly due to the promoting of oxidation of adsorbed CO (COad)
formed during the methanol electrooxidation. An optimum Ru coverage of around
0.5 coincides with the previously proposed bi-functional mechanism. According to
this mechanism, Pt atoms act as active sites for methanol dehydrogenation to
form reaction intermediates (e.g., COad); Ru (being less noble than Pt) activates
H2O and adsorbs OH species at lower potentials than are possible for Pt. The ad-
sorbed CO at the Pt sites then reacts with the OH adsorbate at the Ru centers
through a Langmuir–Hinshelwood mechanism, producing CO2 and concomitantly
liberating the Pt atoms for further adsorption. Moreover, it is interesting to observe
that Ru-modified THH Pt NCs show higher catalytic activity than Ru-modified Pt
black catalyst with similar qRu. This may be due to that the high-index faceted THH
Pt NCs have more steps than Pt black, and the modified Ru adatoms preferentially
adsorb on Pt stepped sites, to reduce the poison on THH Pt NCs.
On the other hand, both Bi- and Au-decorated THH Pt NCs show greatly
enhanced electrocatalytic activity towards formic acid oxidation (Fig. 10a). It has
long been established that formic acid electrooxidation on Pt proceeds by two
parallel pathways.43 The direct path is a relatively facile process,44 involving the
formation of CO2, by dehydrogenation through adsorbed HCOO as the reactive
intermediate.45 The much slower indirect route consists of the dehydration of
HCOOH, through a surface blocking and poisoning intermediate of COad.
45,46
Fortunately, the formation of COad from HCOOH dehydration needs several (e.g.
three) adjacent Pt surface sites, so the modification of Pt surfaces with foreign atoms
can diminish the number of available Pt ensembles required for the dehydration of
HCOOH to form COad, so it can greatly suppresses the poison formation. This is the
so-called third-body effect.47 In the case of Au, the third-body effect plays a key role
for the enhanced activity, since there is no promoting effect for COad oxidation and
the Au-coverage dependence of activity (Fig. 10b) is consistent with theoretical
simulation (the optimum coverage is around 0.7).47 As for Bi decoration, the cata-
lytic activity is enhanced significantly, even 5 times higher than that of Au-modified
THH Pt NCs. So, both third-body effect and electronic (ligand) effect contribute to
the enhancement. Note that the catalytic activity monotonically increases with the
increase of coverage of Bi on {730}-faceted THH Pt NCs, different from that of
Bi-decorated bulk Pt(111) surfaces.47 This result indicates that the enhanced mech-
anism is also correlated with the Pt surface structure and nano size effects.5.2 Comparison between alloy and surface modification routes
When incorporating a foreign element into a host metal, two major electronic effects
will be induced: strain effect and ligand effect.48 The former is caused by size
mismatch between the host and the foreign atoms, leading to a compression or
expansion in the host metal lattice. As a result, the d-band center with respect toThis journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 77–89 | 85
Fig. 9 (a) Electrocatalytic oxidation of methanol on Ru-modified THH Pt NCs and Pt black
catalysts at 50 mV s1 in 1.0 M CH3OH + 0.1 MHClO4. (b) CO oxidative stripping CVs for the













































View Article Onlinethe Fermi level will be shifted down or shifted up, which affects the binding energy of
adsorbates;3 while the latter refers to the electronic interactions between foreign and
host atoms, i.e., change in the chemical surrounding (ligand) of the host atom.
As mentioned above, there are two routes to build bimetallic nanocrystals with
high-index facets. One is direct synthesis of (bulk) alloy nanocrystals with high-index
facets through co-reduction or co-electrodeposition. The other route is through
surface modification of foreign atoms on preformed nanocrystals with high-index
facets.
In terms of synthesis, the surface-modification route is relatively easy, since there
are a considerable number of monometallic nanocrystals with high-index facets
synthesized,13,14 and many foreign metals can be deposited with a wide range of
coverage. Whereas the direct synthesis of alloy nanocrystals with high-index facets
is quite challenging, as it involves lattice mismatch, and co-reduction of two metal
ions usually with different equilibrium potentials or reduction kinetics. Although
high-index faceted alloy nanocrystals are difficult in synthesis, their durability under
reaction conditions is expected to be higher than that of their surface-modified coun-
terparts, as monolayer/sub-monolayer modified atoms are easily leached out.86 | Faraday Discuss., 2013, 162, 77–89 This journal is ª The Royal Society of Chemistry 2013
Fig. 10 Electrocatalytic oxidation of formic acid oxidation on Au-modified (a) and Bi-modi-
fied (b) THH Pt NCs at 50 mV s1 in 0.25 M HCOOH + 0.5 M H2SO4. (c) Variation of peak












































View Article OnlineIn terms of enhanced catalytic effects, surface-modified nanocrystals possess
ligand effect, bifunctional effect, and third-body effect; while alloy nanocrystals
also have strain effect besides the above-mentioned three effects. That is, there are
more ways to manipulate both the structures and properties for alloy nanocrystals.
When it comes to surface structure, high-index facets have a unique advantage.
Usually, foreign atoms preferentially occupy high-active step atoms on the host
metal surface. So, the gain in catalytic activity by bimetallic effects will be partially
offset by the loss of high-active step atoms.49 This compromised effect is diminished
for high-index faceted NCs, which have a high density of step atoms.50 The higher
activity of Ru-modified THH Pt NCs than Ru-modified Pt black justifies this












































View Article OnlineOverall, bimetallic nanocrystals with high-index facets provide a variety of struc-
tural parameters to tune their catalytic properties, which is of importance for both
fundamental studies and practical applications.Conclusions
Pt–Rh alloy nanocrystals with high-index facets have been successfully synthesized
by an electrochemical method. The shapes of the nanocrystals can be tuned from tet-
rahexahedron (THH) to trapezohedron (TPH) by altering the electrode potential.
Through the synergistic effects of high-index facets and electronic structure of the
alloy, both THH and TPH Pt–Rh alloy nanocrystals exhibit excellent catalytic
activity towards ethanol electrooxidation. This work gives light to the direction of
tuning the composition, shape, as well as surface facets of metal nanocatalysts to
improve their catalytic activity.Acknowledgements
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